Paleocene plutons on Kodiak Island, in Alaska, contain host-rock xenoliths that have undergone varying degrees of fragmentation, metamorphism and assimilation in the surrounding granitoid rocks, and therefore provide an excellent natural laboratory to study the processes of xenolith fragmentation and magma contamination. Kodiak Island has two belts of Paleocene plutons: the Kodiak batholith that runs along the axis of the Island, and the trenchward belt, which is comprised of plutons and dikes intruded into the Ghost Rocks Formation south of the Contact fault. Within the Kodiak batholith, there are two different populations of xenoliths, one near its exterior margin and another near its center. The exterior xenoliths are relatively rare but, where present, are angular and have retained sedimentary structures. Xenoliths from the center of the Kodiak batholith are abundant, rounded, gneissic, garnet-and sillimanite-bearing, and had an extended residence-time in the batholith. In the trenchward belt, the Shaft Peak pluton contains a high abundance of Ghost Rocks Formation xenoliths that underwent extensive fragmentation at length scales ranging from >10 m to a submillimetric scale. The frequency-size distributions of xenolith in both the Kodiak batholith and the Shaft Peak pluton can be modeled by power-law functions and can be described by renormalization-group fractal methods of fragmentation. Our qualitative descriptions and the fractal analysis indicate that the Shaft Peak xenoliths underwent catastrophic fragmentation and were in a state of disequilibrium when its system froze, whereas the Kodiak batholith xenoliths, once they fragmented down to a diameter of <10 cm, approached thermal and chemical equilibrium with the surrounding magma.
Introduction
Many granitoids have experienced some type of contamination (Maury & Didier 1991) . Clarke (2007) defi nes contamination as the constellation of processes that render an initial magma impure, and in this paper we will discuss various types of host-rock contamination using the Paleocene Kodiak Island plutons, Alaska, as examples. Geochemical data from the Kodiak plutons indicate that they assimilated signifi cant volumes of sedimentary rocks and contain abundant country-rock xenoliths and xenocrysts (Hill et al. 1981 , Moore et al. 1983 ); therefore, they offer an excellent natural laboratory in which to study the various processes of contamination.
In this paper, we examine data and observations from the Paleocene plutons on Kodiak Island that indicate the occurrence of processes of xenolith fragmentation, metamorphism and assimilation. We qualitatively examine aspects of xenolith metamorphism and assimilation in the Kodiak batholith and the Pasagshak Bay plutons. However, the main quantitative focus is on the physical disintegration of xenoliths.
Background Information
When a xenolith fi rst enters a granitic system, a number of different physical, chemical and metamorphic processes act upon it ( Fig. 1) (Maury & Didier 1991 , Montel et al. 1991 , Clarke 2007 . First, a future xenolith has to reside near a body of magma. In response to the magma body, the future xenolith will undergo some degree of contact metamorphism, or be deformed in the structural aureole of the pluton as it ascends through the crust (Paterson et al. 1996) . Next, the xenolith must be detached or stoped from the pluton wall and incorporated into the pluton itself. Stoping can be accomplished by processes such as thermal stresses caused by differential expansion of the wallrock (Daly 1903 , Marsh 1982 , Furlong & Myers 1985 , Clarke et al. 1998 , Pignotta & Paterson 2007 , high fl uid pressures in the pluton (Burnham 1985 , Sillitoe 1985 , Morin & Corriveau 1996 or high strain-rates in the aureole (Albertz et al. 2005) . Once the xenolith is engulfed in the pluton, these same processes can continue to act upon it and fracture the xenoliths into smaller fragments. A consequence of fragmentation into small particles is that surface area dramatically increases, and chemical and metamorphic reactions can proceed at a faster rate.
One of the main goals of this paper is to place quantitative constraints on processes of xenolith fragmentation. Processes of rock fragmentation examined by previous investigators typically indicate that either entropy maximization (Griffi th 1943 , Rivier & Lissowski 1982 , Grady & Kip 1985 , Engelman et al. 1988 or fractal processes (Allègre et al. 1982 , Turcotte 1986 , Matsushita 1985 , Sammis et al. 1986 , Dellino & Liotino 2002 are responsible for the observed frequency of size distributions in the fractured materials. Each of the two hypotheses predicts different statistical distributions of the fractured objects. Entropy maximization predicts exponential distributions, whereas fractal processes predict power-law distributions. Our goal is to test whether frequency-size populations of xenoliths in granitic systems can be described by either of the above two hypotheses, and if so, what that can tell us about contamination in granitic magmas.
As xenolith fragmentation progresses, metamorphic reactions will occur in response to changes in temperature, pressure and chemical environment (Spear 1995) . The xenolith will react, and there will be an attempt to attain equilibrium with physical and chemical parameters of the surrounding magma. Metamorphic Fig. 1 . Processes occurring in xenoliths. When a xenolith enters a magma body, it will be altered nearly simultaneously by fragmentation, metamorphism and assimilation into the melt. These processes are likely interconnected and act to positively and negatively affect each other. Fragmentation and metamorphism typically occur prior to assimilation.
processes may include growth of high-temperature -high-pressure minerals (e.g., sillimanite, kyanite), coarsening of grains, and segregation into gneissic bands (Spear 1995) . At the same time as the xenolith is undergoing internal metamorphic changes, it may alter the nature of the magmatic phases crystallizing in its immediate vicinity via solid-state diffusion from the xenolith into the surrounding melt (Clarke 2007 , Erdmann et al. 2007 . Assimilation is the chemical and physical incorporation of host rock into magma (Clarke 2007) . If the temperature of the magma is above that of the xenolith solidus, then assimilation can occur by melting or partial melting of the xenolith. Once a xenolith has been assimilated, it physically ceases to exist as a separate entity, but the overall bulk-composition of the magma will have been altered toward that of the xenolith.
However, if the magma does not have the required physical or chemical properties to assimilate fragments of host rock, then they will persist as unequilibrated relics. As xenoliths, and especially xenocrysts, achieve textural equilibrium, they will become more diffi cult to identify on textural grounds alone as foreign material. For example, quartzofeldspathic xenoliths will become metamorphosed dominantly into quartz, biotite and K-feldspar, which are common igneous minerals in granitic rocks. Even minerals such as cordierite, garnet and andalusite, which commonly occur as metamorphic minerals, can occur as igneous minerals in peraluminous granites (Maury & Didier 1991 , Montel et al. 1991 , Clarke et al. 2005 . However, some minerals such as sillimanite do not readily crystallize from granitic melts and are, therefore, more easily identifi able as xenocrysts (Pitcher 1997 ).
Overview of the Kodiak System
The Paleocene intrusive rocks on Kodiak Island are part of the 2100-km-long near-trench Sanak-Baranof plutonic belt of southern Alaska (Marshak & Karig 1977 , Hudson et al. 1979 . These fore-arc plutons formed as a result of the eastward migration of a ridge-trench-ridge triple junction and a resulting slab-window (Hill et al. 1981 , Moore et al. 1983 , Bradley et al. 1992 , 2006 . The Sanak-Baranof plutons progressively decrease in age from 61 Ma on Sanak Island in the west to 50 Ma on Baranof Island in southeastern Alaska. Geochemical data suggest that most of the Sanak-Baranof plutons are the result of partial melts of sedimentary rocks of the Chugach terrane (an accretionary complex) mixed with a mantle-derived component generally interpreted to be a mid-ocean-ridge basalt (Hill et al. 1981 , Moore et al. 1983 , Barker et al. 1992 , Harris et al. 1996 , Sisson et al. 2003 .
Two belts of Paleocene intrusive rocks occur on Kodiak Island: the main Kodiak batholith and satellite plutons, and a trenchward belt of smaller bodies (Fig. 2) . The Kodiak batholith covers >700 km 2 , and is comprised of tonalite, granodiorite and granite intruded into graywacke and argillite turbidites of the Kodiak Formation. The batholith consists of a central elongate body and a number of smaller, but compositionally similar satellite plutons. No igneous rocks more mafi c than approximately 60% SiO 2 occur in the Kodiak batholith. U/Pb zircon ages along the axis of the batholith range from 59.2 to 58.4 ± 0.2 Ma (Farris et al. , 2006 .
The trenchward belt lies along, and to the south of, the Contact fault within the Ghost Rocks Formation (Fig. 2) . It is a much-lower-volume system than the Kodiak batholith and consists of small granitic and gabbroic plutons, porphyritic mafi c dikes and pillow basalts and andesites. Intrusions of the trenchward belt are slightly older than the main Kodiak batholith and range from 62.6 to 60.2 Ma (Moore et al. 1983, Farris & Haeussler, in press ).
Evidence of Chemical Assimilation in Kodiak Plutons
Geochemical data indicate that both the Kodiak batholith and the intrusion of the trenchward belt have experienced some degree of chemical assimilation. The best evidence for a signifi cant sedimentary component in the Kodiak batholith is its elevated oxygen isotope signature (Fig. 3A) . Hill et al. (1981) reported wholerock values of 10.9-13.2‰. On the basis of modeling of Sr and O isotopes, they inferred that the Kodiak and the nearby Sanak and Shumagin batholiths formed from a mixture of >60% graywacke and argillite and <40% MORB. Tangalos et al. (2003) measured oxygen isotope ratios on quartz separates from the Kodiak batholith and found values ranging from 11.1 to 15.0‰ that positively correlate with the amount of host-rock xenoliths.
In the trenchward belt, Moore et al. (1983) analyzed Nd isotopes in basalts, andesites and sedimentary rocks of the Kodiak Formation. They found that the volcanic rocks lie on a mixing line between mid-ocean-ridge basalt and Kodiak Formation sediments. However, a comparison of whole-rock data between the Kodiak batholith and rocks of the trenchward belt at Pasagshak Bay indicate that the Kodiak batholith rocks are peraluminous and chemically similar to the Kodiak Formation, whereas the Pasaghak intrusive rocks are exclusively metaluminous (Fig. 3B ) and form a linear trend suggestive of fractionation. The Ghost Rocks Formation and rocks of the Kodiak Formation are chemically similar; therefore, the above data indicate that volumetrically only a small amount of host-rock assimilation occurred in even the most evolved Pasagshak intrusive rocks.
Data and Results on The Kodiak Batholith
The Kodiak batholith is a purely granitic system (Farris et al. 2006) in which most of its compositional the canadian mineralogist variation stems from varying amounts of included and assimilated host-rock, coupled with the effects of fractional crystallization (Hill et al. 1981) . Farris et al. (2003 Farris et al. ( , 2006 and Farris & Haeussler (in press) have divided the batholith into three units based on the volume of host-rock xenoliths at a given location (Fig. 4) . All three units have the same basic mineralogy consisting of plagioclase, K-feldspar, biotite and quartz, although the proportions vary in the transition from tonalite to granite. The low-inclusion unit is relatively homogeneous and contains little included host-rock. The medium-and high-inclusion units exhibit a continuum of included host-rock material comprised of sillimanite and andalusite xenocrysts, biotite clots that in places contain garnet or sillimanite, aggregates of pure quartz, and xenoliths with alternating biotite-and quartz-rich gneissic banding. The low-inclusion units occur in small satellite plutons, at the northern tip of the batholith, and along its margins, whereas the medium-and high-inclusion units occur in the interior of the batholith. Also, the low-inclusion unit is wider along the southeastern margin than along the northwestern side (Fig. 4) . Xenoliths in the low-inclusion unit are distinctly different from those in the medium-and high-inclusion zones. In the low-inclusion zone, xenoliths are not abundant but, where present, they occur almost exclusively near the pluton margins. These xenoliths retain many characteristics of the aureole rocks (Fig. 5) . The Kodiak batholith intruded the Kodiak Formation, which is a large package of metasedimentary graywacke and argillite turbidites (Sample & Moore 1987) . Peak conditions of metamorphism in the aureole are defi ned by the presence of cordierite, garnet and biotite, but for the most part, sedimentary structures are still visible. Aureole rocks are only slightly coarser-grained than the low-temperature Kodiak Formation, with porphyroblasts generally no larger than 1-2 mm. Marginal host-rock blocks retain most of these characteristics, including the metamorphic grade, and have sharp angular margins (Fig. 5) . Also, these blocks do not appear to have undergone extensive fragmentation and are generally larger (> 0.1 m in diameter) than xenoliths in the high-inclusion zones.
Xenoliths in the high-inclusion zone are of significantly higher metamorphic grade than those near the margins (Fig. 6 ). Where coherent, they have segregated into alternating biotite-and quartz-rich layers that are possibly relict argillite and graywacke beds of the Oxygen isotope data for the Kodiak batholith and along-strike compositionally similar plutons B. A/CNK whole-rock data for the Kodiak Formation, the Kodiak batholith, and Pasagshak Bay intrusive rocks. These data suggest that signifi cant host-rock assimilation occurred in the Kodiak batholith, but little occurred in the Pasagshak Bay plutons. Kodiak Formation. However, large coherent xenoliths are much less common than biotite clots, quartz aggregates and sillimanite xenocrysts. Such materials are most likely fragments of larger, now partially assimilated blocks of host rock. Abundant large xenocrysts of sillimanite are the defining characteristic of the medium-and high-inclusion units, and can be up to 5-10 cm in length. The peak metamorphic assemblage in the xenoliths of the high-inclusion zone contains sillimanite, garnet and biotite. Previous investigators have interpreted these xenoliths as having been carried up a vertical distance of 5-10 km by the ascending magmas (Hill et al. 1981 , Farris et al. 2006 . The xenoliths are estimated to have originated at an absolute depth of 15-20 km (Hill et al. 1981 , and the current level of exhumation is estimated at 5-10 km (Sample & Moore 1987 , Vrolijk et al. 1988 .
Frequency and Size Distribution of Xenoliths in the Kodiak Batholith

Methods
To quantify the physical breakdown of xenoliths in the Kodiak batholith, we have measured the length, width and modal mineralogy of approximately 300 xenoliths and xenocrysts from the high-inclusion zone. Marginal xenoliths in the low-inclusion zone were not amenable to this type of analysis because they were not suffi ciently numerous. At eight different sites, we measured the majority of xenoliths larger than 2-3 cm in diameter. Our measurements are two-dimensional, as we could not measure the third dimension in fl at outcrops in the fi eld. To compare the size of all xenoliths against one another, we have recalculated xenolith area as circular and then used the radius as our characteristic length. This procedure allows the size of xenoliths with different aspect-ratios to be compared with a single measurement.
Data on xenoliths from the Kodiak batholith
Xenoliths in the Kodiak batholith have a frequencysize distribution that is characterized by a large number of small xenoliths and a progressively smaller number of larger xenoliths (Fig. 7) . Groupings of this nature can potentially be modeled using power-law, exponential, or other types of mathematical distributions. Determining the type of distribution is important because various physical processes yield different types of distribution.
Exponential and power-law statistical distributions can be used to describe the frequency-size data of xenoliths in the Kodiak batholith. To determine which distribution best describes the data, we have used leastsquares regressions to describe both the entire dataset (Figs. 7A, D) , and populations of large and small xenoliths (Figs. 7B, C) for exponential and power-law distributions. The greater the R 2 value, the better the fi t of a particular distribution.
Other factors that infl uence the fi t of a distribution include the total number of xenoliths and the bin size. The greater the number of data points in a sample, the fi ner the bin size that can be used. For the Kodiak batholith data, we used a bin size of 2 cm, which shows trends in both the large and the small size-fractions of xenoliths. Choice of a smaller bin-size produces a larger number of data points, but increases the scatter for large xenoliths. Conversely, a larger bin-size better exhibits trends for the larger xenoliths, but collapses the majority of the data (small xenoliths) into a few points. The slope of the regression lines is relatively independent of bin size.
A single exponential curve can be fitted to the Kodiak batholith data, with a R 2 value of 0.93 (Fig.  7A) . However, if split into two populations, xenoliths with a radius less than 10 cm have a R 2 value of 0.99, and xenoliths >10 cm have a R 2 value of 0.85. The fi t of the exponential regression for the small size-fraction of xenolith appears to be excellent; however, if the data are grouped into a smaller bin-spacing, 0.5 cm, the fi t degrades to a R 2 value of 0.85 (Fig. 7B) .
A power-law distribution can also be used to model the population of Kodiak batholith xenoliths. On a loglog plot, a power-law distribution forms a straight line. A single power-law curve can be fi tted to the Kodiak batholith data with a R 2 value of 0.91, indicating a fi t not quite as good as the exponential distribution (Fig.  7D) . However, on a log-log plot, the data form a distinct bend between two straight segments. Xenoliths with a radius of <10 cm can be fi tted by a line with a slope of -1.18 and an R 2 value of 0.97. The slope of a line on a log-log plot is its power-law exponent. Xenoliths larger than 10 cm can be fi tted to a line with a slope of -2.77, and have a R 2 value of 0.88. At a smaller bin-spacing, 0.5 cm, the small size-fraction maintains an R 2 value of 0.92. In the Discussion section, we examine possible physical interpretations of the different xenolith-size distributions.
Trenchward belt: Pasagshak Bay
The trenchward Kodiak Island magmatic belt is more mafi c and occupies a smaller volume than the main batholith. It is composed of small granitic and gabbroic plutons, mafi c dikes and pillow basalts, all of which occur along and to the south of the Contact fault (Fig. 2) within the Ghost Rocks Formation. Farris & Haeussler (in press) have mapped trenchward-belt intrusions on Sitkalidak Island and Pasagshak Bay (Fig. 8) , but this analysis focuses on contamination processes within Pasagshak Bay because of the greater diversity of magmatism at that location.
Pasagshak Bay
Pasagshak Bay contains four different types of magmatic bodies (Fig. 8) . On the southeastern side of Pasagshak Point are outcrops of pillow basalts and basaltic dikes. Some of the dikes grade upward into pillows, indicating that the dikes and pillows were coeval. On the northwest side of Pasagshak Bay is a complex of large, strongly porphyritic mafi c dikes >10 m in width. The dikes range from gabbroic near their bottoms and on the northwestern side of the complex to basaltic on the most southeastern edge of the complex. The porphyritic dike complex and the pillow basalts appear to be emplaced as part of the same event.
Inland to the northeast are two granitic intrusions. The larger of the two is the banana-shaped Pasagshak pluton. It is pyroxene-bearing granodiorite that contains several large pods of gabbro in its interior. Near the margins of the gabbro pods, the granitic and gabbroic magmas mingled and hybridized one another. Host-rock xenoliths are essentially absent in the Pasagshak pluton. This absence contrasts with the smaller, more leucocratic Shaft Peak pluton, which lacks gabbroic pods but contains high volumes of xenoliths of the Ghost Rocks Formation (Fig. 9) . 
Shaft Peak xenoliths
The roof of the Shaft Peak pluton grades downward from intact meta-Ghost Rock Formation with rare leucocratic dikes to a brickwork of host rock surrounded by granitic grout. The brickwork shows a transition downward to a cascade of blocks, which decrease in size with decreasing elevation (Fig. 9) . Within this vertical profi le, blocks have fractured apart at scales ranging from tens of meters to submillimeters.
Larger blocks were diffi cult to examine in detail because they mainly crop out on vertical cliff faces, but smaller Shaft Peak xenoliths exhibit a number of characteristic details. Most of the xenoliths have relatively sharp edges and a dark reaction-rim resulting from metamorphic growth of amphibole and biotite; there is a continuum from blocks with sharp distinct edges to those with rounded edges and light gray diffuse textures, however (Figs. 10, 11) . Grains of K-feldspar have grown in some of the more rounded and diffuse xenoliths. Some blocks have one sharp edge and one diffuse edge (Fig. 11A) . In such blocks, metamorphic textures grade from macroscopic mm-scale biotite and K-feldspar grains along the diffuse ragged edge (Fig. 11B) to recognizable meta-graywacke from the Ghost Rocks Formation along the sharp edge. Such textural differences are likely related to the age of the fracture. One possibility is that diffuse side of the xenolith formed from an "old" fracture and was in contact with the magma long enough to develop metamorphic textures, whereas the sharp, well-defined side was fractured off a larger xenolith shortly before the pluton froze (Clarke et al. 1998) .
Shaft Peak xenoliths that have been entirely metamorphosed fall into two categories (Fig. 11) . The fi rst are xenoliths that have experienced biotite and K-feldspar growth throughout and have an almost granitic texture, except that they have signifi cantly higher biotite content and are darker in color than the surrounding granite. The second are rounded light gray, but fi ne-grained xenoliths that appear as if they are melting away (Figs. 10, 11 ) or have been permeated with melt via a process such as porous fl ow. The above observations suggest that processes of block fracturing, metamorphism and minor partial melting were occurring simultaneously within the Shaft Peak pluton.
Frequency -Size Distribution, Shaft Peak Xenoliths
Methods
The frequency-size distribution of Shaft Peak xenoliths was quantified by serial sectioning two characteristic xenolith-rich samples into nine and six slices, respectively, each with a width of approximately 2 cm. The slabs were then scanned at 1200 dpi. The resulting color images were converted into binary black and white images, and then the program ImageJ (Abramoff et al. 2004 ) was used to measure the size and shape of all host-rock blocks (Fig. 10B) . Using this procedure, 5997 blocks were measured in Shaft Peak 1, and 4696 blocks were measured in Shaft Peak 2. The vast majority of blocks in each cut are unique because the average width of the slab is much greater than the average size of the xenolith. These measurements represent an order of magnitude more data than were obtained from the Kodiak batholith; however, the largest xenolith measured was <10 cm in diameter; we have not measured the complete size-range of blocks in the Shaft Peak pluton. However, for this smaller size-range, the large number of xenoliths measured allows for a higher resolution frequency-size distribution.
Data on Shaft Peak xenoliths
Superfi cially, the distribution of Shaft Peak xenoliths is similar to that of the Kodiak batholith, with a large number of small particles and a decreasing number of large ones (Fig. 12) . Our goal once again is to determine what type of mathematical distribution best fi ts the frequency-size data to make interpretations as to what physical processes operated. In the Kodiak batholith, the exponential and the power-law distributions fi t the data with similar precision. However, for the Shaft Peak data, the power-law distribution provides a decidedly better fi t. On an exponential plot, the data form a welldefi ned curve that increases steeply as the xenolith size decreases (Fig. 12A) . A straight-line fi t to this curve yields an R 2 value of 0.80, and clearly does not describe the data at the size range of the smaller xenoliths.
A better fi t can be obtained using a single power-law curve. On a log-log plot, the Shaft Peak 1 data give a least-squares linear regression with a slope of -2.34 and an R 2 value of 0.95. The Shaft Peak 2 data can be fi tted by a line with a slope of -2.49 and an R 2 value of 0.96. The fi t of both of these lines is excellent for xenoliths with a radius of <5 mm. However, for larger xenoliths, the data exhibit signifi cant scatter. This scatter is primarily a function of small sample-size for the larger xenoliths. The linear behavior of the data (on a log-log plot) breaks down if there are fewer than fi ve xenoliths per bin. The bin size used was 0.2 mm, and changing the bin size leads to variations in slope of approximately ±0.15 relative to the above-stated values. If bins with more than fi ve xenoliths are used exclusively, the R 2 value of the regression is above 0.98, yielding an even better fi t. Over the quantifi ed size-range, the Shaft Peak xenoliths strongly conform to a power-law distribution. In the discussion, we consider the physical interpretations of this type of distribution. A. The Shaft Peak pluton roof has been injected with dikes and pervasively shattered. Granitic rock surrounds Ghost Rocks Formation blocks like mortar around bricks. B. Detail of a portion of the cliff face shown in A, which is choked with meter-scale blocks. C. Shattered host-rock with centimeter-scale blocks. 
Discussion
Fragmentation, metamorphism and assimilation
Xenoliths in both the Kodiak batholith and the Shaft Peak pluton exhibit evidence of fragmentation, metamorphism and assimilation. For each of the different plutonic systems, we discuss how the above three processes of xenolith modifi cation operated.
Xenoliths of the low-inclusion zone near the margin of the Kodiak batholith have experienced fragmentation, but little metamorphism or assimilation. They have retained the characteristics of the aureole rocks, but have been partially broken down into smaller fragments. The preserved sharp edges and lack of extensive metamorphism suggest that the xenoliths had a short residence-time in the magma before the system froze. These features also suggest that the above three xenolith-modifi cation processes dominate in a specifi c order, with fragmentation occurring fi rst, followed by metamorphism and assimilation.
Xenoliths of the high-inclusion zone in the center of the Kodiak batholith have experienced fragmentation with extensive metamorphism and at least some assimilation. The mineralogy and textures of the xenoliths have been altered so much that they are no longer metasedimentary rocks, but gneisses; however, their mineralogy suggests that the Kodiak Formation turbidites were their protolith. Also, protracted residence of xenoliths , Farris et al. 2006 in the Kodiak batholith has likely modifi ed the initial fragmentation by the rounding of sharp corners, additional growth of metamorphic minerals, and partial melting. Kusky et al. (2003) and Farris et al. (2006) indicated that xenoliths from the high-inclusion zone were carried upward 5-10 km by the ascending magma. Farris et al. (2006) also postulated that the xenoliths were concentrated in the center of the batholith as a result of higher rates of magma ascent caused by pipe fl ow. As a consequence of extended residence-time, the xenoliths are now rounded, and at least for the small size-fraction, have a signifi cantly fl atter frequency-size distribution than more angular populations of xenoliths (the Shaft Peak pluton). Despite having undergone fragmentation, metamorphism and partial assimilation, xenoliths and xenocrysts persisted for at least the duration of magma ascent. In addition, chemical equilibrium is suggested by the observation that the composition of high-inclusion-zone granitic rocks (Fig. 3) approaches that of the Kodiak Formation from which the xenoliths were likely derived (Tangalos et al. 2003) .
The Shaft Peak xenoliths appear to have undergone near-simultaneous fragmentation, metamorphism and assimilation, and observations indicate that these processes occurred in the order listed. Interior fractures in xenoliths have a smaller reaction-rim than is present on the xenolith exterior (Fig. 11A) , indicating that the fracture had to occur prior to interaction with the magma. Also, xenoliths that have the most extensive growth of porphyroblasts (Fig. 11B ) or reaction rim (Fig. 11A) are not necessarily the same ones that appear to have undergone partial melting or selective dissolution (Fig. 10A) .
In contrast to those of the Kodiak batholith, Shaft Peak xenoliths appear to be strongly out of equilibrium with the intruding magma. Evidence includes the simultaneity of xenolith-modifi cation processes, their operation down to sub-mm scales, and chemical data (Fig. 3B ) that suggest a lack of a signifi cant sedimentary component in granitic rocks, even adjacent to xenoliths.
There are several potential explanations for the variation in equilibrium states between the Kodiak batholith xenoliths (approaching equilibrium) and those of the Shaft Peak pluton (in disequilibrium). Pressure and temperature variations may have played a role. The Pasagshak plutons intruded within several kilometers of the surface (Farris & Haeussler, in press ), whereas the Kodiak batholith intruded at mid-crustal depths. Therefore, the Pasagshak plutons likely froze quickly, before signifi cant assimilation and xenolith equilibration with the surrounding magma could occur.
Geochemical data suggest that the Kodiak batholith consists of 30-50% mantle-derived basalt (Hill et al. 1981) . However, all of the Kodiak batholith magmas (with a minimum ␦O 18 of 11‰) assimilated significant quantities of sedimentary host-rock (Tangalos et al. 2003) and are strongly peraluminous. Therefore it is likely that the magmas of the Kodiak batholith approached the saturation point with respect to host rock. Once saturation is reached, additional xenoliths will simply persist in the magma. Host-rock saturation, combined with thermal equilibrium and metamorphic changes, all act to make xenoliths more stable, and contribute to the numerous xenoliths we observe.
Physical mechanisms of xenolith fragmentation
We have quantified the xenolith frequency-size distribution for both the Kodiak batholith and the Shaft Peak pluton. Explanations of the frequency-size distributions of fractured materials fall into two main categories. In the fi rst category, entropy maximization controls fracturing (Griffi th 1943, Rivier & Lissowski A. Shaft Peak 1 data modeled as an exponential distribution. The distribution clearly does not model the Shaft Peak data, however. B. Data from samples Shaft Peak 1 and 2 modeled as a power-law distribution. The power-law distribution fi ts the data with a high precision.
the canadian mineralogist 1982, Grady & Kip 1985 , Engelman et al. 1988 , whereas in the second group, fractal patterns (Allègre et al. 1982 , Matsushita 1985 , Turcotte 1986 , Sammis et al. 1986 , Dellino & Liotino 2002 are controlled by the scale invariance of fracture processes. Before assigning the xenolith data to a particular type of distribution and therefore mechanism of fragmentation, the issue of whether or not our system of xenolith measurement introduced any artifi cial trends should be addressed. Our frequency-size data were collected by measuring xenoliths on a 2-D surface. Such a method can potentially introduce an artifi cial signal because not all the xenolith centers are located on the plane of measurement. Cashman & Marsh (1988) have addressed this problem with respect to crystal-size distributions. Their results are also applicable to our data. They found that the frequency-size distribution introduced by a slice through randomly distributed spheres of uniform size has a positive slope, that the majority of the apparent diameters of the spheres are close to the real diameter, and that there are very few diameters less than one-fi fth the actual. Such a distribution is essentially the opposite of what we observe in the Kodiak data. Both of the Kodiak xenolith datasets have a negative slope and are distributed over a much larger size-range. Therefore, we infer that the cut effect does not signifi cantly infl uence the frequency-size distributions we observe. At most, the effect is to introduce a minor amount of noise into the data.
Entropy-maximization fragmentation
Entropy-maximization theory is based on a probabilistic interpretation of thermodynamic entropy; one assumes that the particle-size distribution of a fragmented material will be the one that maximizes entropy. Using this method, Griffi th (1943) illustrated that if the total amount of energy consumed by fragmentation is used to create new surfaces, then the resulting particles will have an exponential distribution (Korvin 1992) . There is one difference between entropy-maximization and fractal theories: entropy maximization is derived from a specifi c physical process (entropy), whereas fractal fragmentation is not.
Xenoliths from the Kodiak batholith have a frequency-size distribution that can be interpreted as either exponential or bifractal (power law). The exponential fi t is better for a single regression (R 2 = 0.93) than the power law (R 2 = 0.91), and using two curves, provides an excellent fit for xenoliths <10 cm in radius (R 2 = 0.99 at 2 cm bin-spacing). At the 2 cm bin-spacing, the bifractal regression has a fit that is essentially equal to that of the bi-exponential curves. However, overall the fi t of the bifractal curve is a little better than either the single or bi-exponential regressions because it maintains a higher R 2 value at a variety of different bin-spacings (Fig. 7C ). In addition, bifractal fragmentation distributions have been reported for other types of geological materials (Fujiwara et al. 1977 , Capaccioni et al. 1986 ); therefore, we prefer this explanation for the xenoliths of the Kodiak batholith.
Fractal fragmentation
The frequency-size distribution of xenoliths from both the Kodiak batholith and the Shaft Peak pluton both can be described by least-squares regressions of power-law curves. Fractals have been used to describe the fragmentation of various types of geological materials, including the breakup of sea ice (Rothrock & Thorndike 1984 , Matsushita 1985 , granite fragmented in chemical and nuclear explosions (Schoutens 1979) , gabbro fragmented by projectiles (Lange et al. 1984) , asteroids (Donnison & Sugden 1984) , and fault gouge (Sammis et al. 1986 ). The fractal characteristics of a fragment population simply indicate that the size distribution is scale-independent, and suggest that whatever processes caused the fragmentation was scale-independent. However, attempts have been made to link fractal fragmentation to physical characteristics (Turcotte 1986 ). Turcotte stated that a frequency distribution can be considered fractal if it satisfi es the condition:
in which N is the number of objects, r is a characteristic linear dimension, and D is the fractal dimension. In a log-log plot, the slope of a straight line is the fractal dimension, and can be expressed as:
The symbols N, D, and r are used as above, and b is the y-intercept and varies according to the sample size. The Shaft Peak data can be fi tted to relation (2) with an r-squared value of 0.96, indicating an excellent correlation. Therefore, according to Turcotte (1986) , it is a fractal distribution with a D value of 2.3. The Kodiak batholith data are somewhat more complicated, and can be described by two power-law curves, one for large particles, and another for small. The D value is approximately 2.8 for xenoliths with a radius >10 cm, and for xenoliths smaller than that, the D value is approximately 1.2. This type of distribution is termed a bifractal distribution (Fujiwara et al. 1977 , Capaccioni et al. 1986 , Korvin 1992 .
A bifractal distribution likely indicates that certain processes are scale-invariant only over a certain range of scales. Fractal fragmentation has been attributed to the existence of micro-cracks that permeate a material (Madden 1983) . Failure at all scales is thought to occur along these pre-existing planes of weakness.
Renormalization-group methods
One quantitative method of describing fractal fragmentation is the renormalization group (RNG) methods of Allègre et al. (1982) and Turcotte (1986) . According to the renormalization-group theory, the probability (p c ) that an object will fracture into 8 elements of equal size is the same at all levels of fragmentation. After m levels of fragmentation, there will be N m particles as described by: Figure 13 illustrates the fracture cascade predicted by renormalization-group methods. The fractal value (D) is related to fracture probability by the following expression:
That expression allows us to calculate a probability of fragmentation for the Kodiak examples. Turcotte (1986) stated that fragmentation is a catastrophic phenomenon. When stress on a rock is steadily increased, there is some critical value at which fragmentation will occur. Allègre et al. (1982) and Turcotte (1986) postulated that critical failure depends on the fragility of a given block. For a block composed of eight cubes of equal size (Fig.  13) , there are 22 different confi gurations in which one or more of the component cubes is fragile. Depending on what types of confi gurations are considered fragile, the critical fracture-probability will vary. Allègre et al. (1982) presented two examples, one in which a pillar of sound elements makes a block strong (six of 22 confi gurations are fragile with a p c and D value of 0.896 and 2.84, respectively), and a second in which a block with a plane of weakness will fail (13 of 22 confi gurations are fragile with a p c and D value of 0.0490 and 1.97, respectively). The greater the number of conditions that fail, the lower the p c and the D value.
RNG application to xenoliths in the Kodiak batholith
The renormalization-group approach holds a potential explanation for bifractal distributions such as we observe in the Kodiak batholith. Fractal distributions are supposed to be scale-invariant, but a change in D values indicates that something about the system has altered. The fragility analysis from Turcotte (1986) presented above suggests that D values decrease when blocks become more fragile. So, in the Kodiak batholith, the smaller blocks would be more fragile than the larger blocks. This result makes some intuitive sense in that smaller xenoliths have a greater ratio of surface area to volume and so a greater percentage of the xenolith is directly exposed to, and can interact with, the surrounding magma.
An alternative interpretation of the bifractal distribution of xenoliths can be made if we assume that catastrophic fragmentation only occurs above certain values of D. If we assume that the critical D-value threshold for xenoliths in the Kodiak batholith lies somewhere between the values estimated by Turcotte (1986) (1.97 < D < 2.84), we can interpret the bifractal distribution as recording the switch from catastrophic (large blocks with a D value of 2.9) to non-catastrophic fragmentation (small blocks with a D value of 1.2). Interpreted in this manner, the smaller blocks have achieved some level of stability with their surroundings. However, the smaller blocks still underwent fragmentation, but to a much lesser degree. This result explains why the numerous xenoliths have persisted in the high-inclusion zones of the Kodiak batholith despite having a protracted residence in the granitic magma. The two RNG interpretations do not have to be mutually exclusive. Physically weaker but more stable xenoliths (resulting from some level of chemical, thermal or metamorphic equilibrium) are within the realm of physical possibility.
One potential problem with this interpretation is the scale effect. Rock-deformation experiments have shown that for uniaxial compression at ambient pressure, rock strength increases as sample size decreases (Jaeger 1979 , Baecher & Einstein 1981 , Brace 1981 , Dey & Halleck 1981 . However, the physical conditions of those experiments do not match those of the Kodiak batholith xenoliths. Triaxial experimental data from Hunt (1973) suggest that, at higher confi ning pressures, the above scale-effect is largely nullifi ed and may even be inverted. The Kodiak batholith xenoliths underwent fragmentation at high confi ning pressures (>3 kbar), and high temperatures (>750°C) while simultaneously undergoing metamorphism or partial melting. Therefore, it is quite likely that results from uniaxial compression experiments are not directly applicable.
RNG application to Shaft Peak xenoliths
The Shaft Peak xenoliths have a simpler frequencysize distribution that can be fi tted to equation (2) with an r 2 value of 0.96. Thus, they satisfy the Turcotte (1986) criterion for a fractal distribution and have a single fractal D-value of 2.3. Unlike the Kodiak batholith distribution, the Shaft Peak xenoliths can be fi tted by a single line (not bifractal). The D value (2.3) is above Turcotte's lower of the two estimates for catastrophic fragmentation. The high single D-value, combined with the physical appearance of the Shaft Peak xenoliths, indicate that they underwent catastrophic fragmentation down to at least the sub-mm length-scale.
Comparison of RNG methods to qualitative analyses
Overall, the renormalization-group approach yields general conclusions that are similar to those reached by our qualitative analysis of fragmentation, metamorphism and assimilation processes. For the Kodiak batholith, both methods lead us to conclude that its high-inclusion-zone xenoliths approached thermal, mechanical and chemical equilibrium. In the Shaft Peak pluton, the two methods indicate disequilibrium conditions. Its xenoliths likely approached thermal equilibrium, but attained neither mechanical (catastrophic fragmentation) nor chemical equilibrium. Figure 14 schematically shows the two different populations of xenoliths with different histories of fragmentation.
However, neither of our approaches allows us to comment directly on specifi c physical mechanisms. For example, was xenolith fragmentation driven more by thermally induced differential expansion or by high fluid pressure? This is a topic to address in future studies.
Conclusions
1. Paleocene plutons on Kodiak Island contain two populations of xenoliths that have undergone different histories of fragmentation. One population is located in the high-inclusion zone of the Kodiak batholith and has undergone a significant metamorphism, partial melting and, at smaller sizes, a fl attened frequencysize distribution with rounded xenoliths. The second population exists along the margins of the Kodiak batholith and in trenchward belt intrusions, such as the Shaft Peak pluton. Xenoliths in this population exhibit lesser degrees of metamorphism and partial melting, and patterns of catastrophic fragmentation with angular blocks down to the mm scale.
2. Xenolith residence-time, and the physical and chemical conditions of a magma, infl uence patterns of xenolith fragmentation. This idea is well illustrated by physical and chemical variations between the Kodiak batholith and the trenchward belt intrusions, including with long estimated residence-times (e.g., the Kodiak batholith) have a high metamorphic grade, rounded edges and fl attened frequency-size distribution, whereas xenoliths with short estimated residence-times (e.g., the Shaft Peak pluton) have a lower metamorphic grade, angular xenoliths and a steep frequency-size distribution.
the Shaft Peak pluton. The Kodiak batholith had a midcrustal depth, long residence-times of the xenoliths, and a magma composition similar to that of the xenoliths. In comparison, the Shaft Peak pluton had an upper crustal depth, short residence-times of the xenoliths, and a magma composition signifi cantly different from the xenoliths. The above physical and chemical differences influenced the observed patterns of xenolith fragmentation.
3. The Paleocene xenoliths at Kodiak have frequencysize distributions that can be fi tted to power-law distributions and can be interpreted as fractal in nature. Renormalization-group methods allow for interpretations of frequency-size distributions of the xenoliths that agree with qualitative observations. 4. Xenolith size-distributions in silicic magmatic systems are similar to those of other types of geological materials (e.g., sea ice) and likely have similar mechanisms of fracture and disintegration.
